Heart failure remains a leading cause of mortality in large part because of a lack of therapies targeted to the underlying biological processes within cardiomyocytes that lead to chronic dysfunction. 1 Currently, heart transplantation is the only curative procedure for end-stage heart failure, but it is limited by donor heart availability. Occlusion of a diseased coronary artery in humans causes acute myocardial infarction (MI), survivors of which are at high risk for development of chronic heart failure. 2 Rapid recanalization of the occluded coronary artery is presently the best clinical approach to the treatment of acute MI, which, if carried out in time, enables salvage of the ischemic myocardial cells. Unfortunately, most patients miss the chance for coronary reperfusion therapy because, to be effective, it must be performed within a few hours after the onset of infarction. 3 Indeed, patients with postinfarction heart failure account for nearly half of the candidates for cardiac transplantation. 4 Consequently, development of an effective therapy with which to treat patients admitted to the hospital with symptoms of established heart failure is one of the most important issues in the field of cardiovascular medicine today.
The hematopoietic cytokine granulocyte colonystimulating factor (G-CSF) is a critical regulator of myeloid progenitor cell proliferation, differentiation and survival. 5 G-CSF also causes a marked increase in the mobilization of hematopoietic stem cells into the peripheral blood circulation, 6, 7 and it has been proposed that G-CSF might induce the regeneration of cardiomyocytes and blood vessels in post-MI hearts through mobilization and subsequent transdifferentiation of such bone marrow stem cells. 8 Although there is some experimental support for this idea, 9 more recent reports would seem to rule out that possibility, irrespective of G-CSF's involvement. [10] [11] [12] Nevertheless, it is widely accepted that G-CSF can improve cardiac function and reduce mortality following MI. 8, [13] [14] [15] [16] For instance, we previously reported that postinfarction treatment with G-CSF accelerates the healing process after MI by augmenting macrophage accumulation in the infarcted area and upregulating expression of matrix metalloproteinase (MMP) family enzymes. 15 And more recently, Harada et al 16 reported that G-CSF protected cardiomyocytes and endothelial cells from apoptotic cell death via activation of the Janus kinase (Jak)/signal transducer and activator of transcription (Stat) pathway, although the significance of cardiomyocyte apoptosis in MI and heart failure is still controversial. [17] [18] [19] Because all of these studies were carried out using models in which treatment with G-CSF was started before or within days after the onset of acute MI, it remains unknown whether late treatment with G-CSF would be effective against established heart failure during the chronic stage following an old MI, at time when acute inflammatory foci would have already disappeared and a fibrotic scar would be present.
The aim of the present study was to investigate the effects of G-CSF on established cases of chronic heart failure in a post-MI mouse model. Our findings suggest that administration of G-CSF could be an effective approach to the treatment of chronic heart failure following a large, healed MI.
Materials and methods

Experimental Heart Failure
The study was approved by our Institutional Animal Research Committee. MI was induced in 12-weekold male C57BL/6 mice by ligating the left coronary artery as previously described. 20 The suture was passed but not tied in the sham-operated mice.
Treatment with G-CSF
Protocol-1 MI was created in 46 mice and sham operation was performed in 14 mice. At 12 weeks after the operation, the surviving mice were 24 (survival rate, 52%) in MI group while all mice survived in shamoperated group. The MI-bearing mice were randomly assigned to two groups, resulting in similar echocardiography-based cardiac function between the groups. Recombinant human G-CSF (Chugai Pharmaceutical Co.) was administered subcutaneously at a dosage of 10 mg/kg/day to 14 MI-bearing mice beginning when the animals reached 24 weeks of age (12 weeks post-MI). The injections were performed on the first 5 days of each week, and were continued for 4 weeks until the animals were 28 weeks of age (16 weeks post-MI). In the untreated control group, the same volume of solvent (distilled water, approximately 150 ml per animal) was given to 10 MI-bearing mice over the same period. A total of 14 sham-operated mice (survival rate, 100% at 12 weeks after operation) were assigned to two groups in the similar manner based on echocardiography and they were similarly treated with G-CSF (n ¼ 6) or solvent (n ¼ 8). The dosage of G-CSF in the present study seems smaller and the interval longer relative to those of previous studies 8, 13, 14, 16 -for example, G-CSF at the dose of 100 mg/kg/day was administered for 5 days by Harada et al. 16 We set it up at closer dosage to that clinically used, and instead, longer interval based on anticipation that different from the case of acute infarct with highly dynamic tissue, a long time might be necessary for a reagent to affect failing hearts with stout infarct lesion.
One day before the animals were killed, Evans blue dye (1% v/v, Sigma-Aldrich) was intraperitoneally injected into three randomly chosen MIbearing mice in each group to detect cardiomyocytes with increased membrane permeability. 21 At the end of experiments, cardiac geometry and function were examined using echocardiography and cardiac catheterization, and a necropsy was performed for histological and biochemical analyses.
Protocol-2
Too long-term treatment with G-CSF may be impossible in actual clinical situations because of unfavorable side effects of G-CSF. In the second protocol, therefore, we investigated whether the effects of G-CSF persist, even after treatment is stopped. MI was created in 36 mice, of which 20 mice were alive at 8 weeks after operation (survival rate, 56%). They were assigned into two groups after echocardiographic examination, and administered G-CSF or solvent (n ¼ 10 each) for 2 weeks using the same method described in Protocol-1. At 2 weeks after stopping treatment (12 weeks post-MI), cardiac function was examined by echocardiography and cardiac catheterization.
Protocol-3
In another set of experiments, we examined the possibility that G-CSF induces bone marrow cellderived myocardial regeneration. Bone marrow cells were harvested from the femurs and tibias of donor green fluorescent protein (GFP)-transgenic mice with a C57BL/6 background 22 (a kind gift from Drs Yasushi Adachi and Susumu Ikehara, Kansai Medical School, Moriguchi, Japan). The harvested cells were then transplanted directly into the bone marrow space of femurs of 8-week-old male C57BL/6 mice (n ¼ 20) that had received whole body irradiation as described previously. 23 After 4 weeks, MI was induced in the 15 surviving chimeric mice. To nine of the surviving mice 12 weeks post-MI, G-CSF (n ¼ 5) or solvent (n ¼ 4) was administered for 4 weeks using the same method as described in Protocol-1.
Blood Sampling
Blood was drawn from the tail vein before treatment and from the inferior vena cava at the time animals were killed and used for hemocounts. Blood obtained at the time animals were killed was used also for measurement of plasma concentration of human G-CSF, which was performed using a chemiluminescent immunoassay kit (Kamiya Biomedical Co.).
Physiological Studies
Physiological studies were carried out as previously described. 20 Echocardiograms were recorded with an echocardiographic system (Aloka, Japan) equipped with a 7.5-MHz imaging transducer at 12 and 16 weeks after surgery. Following the second echocardiogram, the right carotid artery was cannulated with a micromanometer-tipped catheter (SPR 407, Millar Instruments) and advanced into the aorta and then into the left ventricle to record pressure and maximal and minimal dP/dt.
Histological Studies
After the physiological measurements were completed in Protocol-1, the hearts were removed and the ventricles were cut into two transverse slices through the middle of the infarct. The apical specimens were quickly frozen in liquid nitrogen or used to prepare cryosections. The basal specimens were immersion fixed in 10% buffered formalin and embedded in paraffin, after which 4 mm-thick sections were stained with hematoxylineosin (H&E), Masson's trichrome or Sirius red. Quantitative assessments, including MI size, cell population, cardiomyocyte size and fibrotic area, were performed using a LUZEX F multipurpose color image processor (Nireco, Tokyo, Japan). The sizes of the MI area and the fibrotic area in the noninfarcted region were measured by searching the entire ventricular area. Cardiomyocyte size (expressed as the transverse diameter of the cardiomyocyte cut at the level of the nucleus) and cell populations were assessed in 20 randomly chosen high-power fields in each section.
The hearts from mice in Protocol-2 were used exclusively to prepare cryosections. The ventricles were cut into three transverse blocks. At least 20 cryosections (8 mm thick) were cut from each block; thus, more than 60 cryosections were made from each heart.
Western Blotting
Proteins (100 mg) extracted from the hearts in Protocol-1 were subjected to 14% PAGE and then transferred onto PVDF membranes. The membranes were then probed using a primary antibody against G-CSF receptor (G-CSFR, Santa Cruz), phospho-Akt (Cell Signaling), phospho-Stat3 (Cell Signaling), phospho-extracellular signal-regulated kinase (phospho-ERK, Cell Signaling), GATA-4 (Santa Cruz), myosin heavy chain (MHC, Santa Cruz), troponin I (Santa Cruz), desmin (Sigma), MMP-2 (Daiichi Fine Chemical Co.), MMP-9 (Santa Cruz), tissue inhibitor of MMP-1 (TIMP1, Santa Cruz), TIMP2 (Santa Cruz), angiotensin II type 1 receptor (AT1, Santa Cruz), transforming growth factor (TGFb1, Promega), or Ki-67 (Santa Cruz). The blots were visualized by means of chemiluminescence (ELC, Amersham), and the signals were quantified by densitometry. a-Tubulin (analyzed using antibody from Sigma-Aldrich) served as the loading control.
Enzyme-Linked Immunosorbant Assay
Myocardial tumor necrosis factor (TNF)-a content was quantified using an enzyme-linked immunosorbant assay (ELISA) kit (Quantikine s M, R&D System) according to the supplier's instructions.
Immunohistochemistry
The sections were incubated with a primary antibody against GFP (Molecular Probes), CD45 (Pharmingen), MHC, Flk-1, Ki-67, G-CSFR (antibodies against MHC through G-CSFR, from Santa Cruz), MMP-2 (Daiichi), MMP-9 (Santa Cruz), AT1 (Santa Cruz), or TGF-b (Promega). The deparaffinized sections were immunostained using an ABC kit (Vector) with DAB as the chromogen. For the immunofluorescent staining of cryosections, Alexa Fluor 568 and 488 (Molecular Probes) were the secondary antibodies. Nuclei were counterstained with hematoxylin or Hoechst 33342. In situ nick end-labeling (TUNEL) assays were carried out to detect apoptotic cells within deparaffinized sections using an ApopTag kit (Intergene) with FITC-labeling (Intergene) according to the manufacturer's instructions. Mouse mammary tissue served as a positive control. For double-label immunohistochemistry, sections were stained first using TUNEL (FITClabeling), then using a second primary antibody against MHC followed by Alexa Fluor 568. The sections were observed under either a light microscope or confocal laser scanning microscope (LSM510, Zeiss). As the negative controls, sections were incubated with the isotype immunoglobulins instead of the primary antibodies. For all sections, the staining was interpreted by two observers blinded to the specimen's group. The percentage of immunopositive cells present was calculated in 20 randomly chosen high-power fields in each section.
Statistical Analysis
Values are shown as mean7s.e.m. The significance of differences between groups was evaluated using ttests or one-way ANOVA followed by the NewmanKeul's multiple comparison test. Values of Po0.05 were considered significant.
Results
Effect of G-CSF on Chronic Heart Failure
Mice bearing 12-week-old MIs were subcutaneously injected with recombinant human G-CSF (n ¼ 14) or vehicle (n ¼ 10) for 4 weeks (Protocol 1 in the Materials and methods section). After 4 weeks (16 weeks after surgery), all mice of each group were still alive. The granulocyte count in animals treated for 4 weeks with G-CSF reached 43547673/ml, which was significantly higher than the counts obtained from untreated controls (8197278/ml, Po0.05) and the baseline counts obtained from the groups before induction of MI (427759/ml, Po0.05). There was no significant difference in the red blood cell or platelet counts between the groups. The plasma human G-CSF level in the G-CSFtreated mice was significantly greater than that in the untreated mice (2.3470.626 vs 070 ng/ml, Po0.05). Echocardiograms revealed the mice with 12-week-old MI to have significant left ventricular (LV) dilatation and dysfunction, as compared to the sham-operated mice (Figure 1a and b) . They also revealed an aggravation of the LV enlargement and ejection fraction reduction during the following 4 weeks in the untreated group. In contrast, they were improved in the G-CSF-treated group (Figure 1a and b). Cardiac catheterization also showed significant improvement of cardiac function-that is, greater LV developed pressure (LVDP), greater maximal and minimal dP/dt, and lower LV end-diastolic pressure (LVEDP)-in the G-CSF-treated group (Figure 1c-f) . G-CSF did not affect cardiac function in shamoperated mice (Figure 1) .
At necropsy, all of the hearts with 16-week-old MIs showed dilated LV cavities, although the dilatation was less marked in hearts treated with G-CSF (Figure 2a ). On the other hand, the heart weights and heart-to-body weight ratios were not different in the untreated and G-CSF-treated groups (Figure 3a) 2 in the G-CSF group, P ¼ NS) or the MI area relative to the total LV area (Figure 3b) . However, the wall thickness of MI region was found significantly greater in the G-CSF-treated hearts (263713.2 mm) than in the untreated hearts (151720.0 mm, Po0.05) (Figures  2a and 3c) . Histologically, the sizes of the surviving cardiomyocytes were increased in all MI-bearing mice due to compensatory hypertrophy, but they were significantly larger in the G-CSF group than in the untreated control group (Figure 3d ). There was also significantly more interstitial fibrosis in the noninfarcted area of untreated hearts than G-CSFtreated hearts (Figures 2b and 3e) . The region of the 16-week-old infarct showed substantial fibrosis in all groups, but the intensity of Sirius red staining appeared somewhat weaker in the G-CSF-treated hearts (Figure 2c) . Population of the Flk-1-positive vessels in either infarcted or noninfarcted area was similar between the untreated and G-CSF-treated hearts (Figure 3f ). There were few CD45-positive leukocytes in infarcted areas, and their populations were similar between the groups (Figure 3g ). Pulmonary congestion was readily apparent in the untreated group but was less so in G-CSF-treated animals (Figure 2d) , and lung-to-body weight ratio was significantly smaller in the G-CSF group (6.670.3 mg/g in control vs 5.970.3 mg/g in G- CSF, Po0.05). No adverse reactions to G-CSF, including splenic rupture, splenomegaly, thromboembolism, interstitial pneumonia, and atherosclerosis, were detected. We then tested whether the effects of G-CSF would persist after stopping the treatment (Protocol-2 in the Materials and methods section). Mice with 8-week-old MIs were treated with G-CSF for 2 weeks, after which treatment was stopped for 2 weeks prior to examination as described above (12-week-old MIs). After 4 weeks (12 weeks after surgery), all mice of each group were surviving. Notably, even after 2 weeks without treatment, we found significantly better cardiac function in the G-CSF-treated group than the untreated group (Table 1) .
Molecular Signaling and Expression in Hearts Treated with G-CSF
Western blot analysis showed that, as compared to expression in sham-operated hearts, myocardial expression of G-CSFR was significantly upregulated in hearts with 16-week-old MIs, whether they were treated with G-CSF or not (Figure 4a and b) . Somewhat unexpectedly, the expression was actually stronger in the failing hearts treated with G-CSF than in the untreated hearts; moreover, a significant increase in G-CSFR expression was observed in the sham-operated hearts when G-CSF was administered. Confocal microscopy revealed that G-CSFR was expressed on surviving cardiomyocytes (MHCpositive) and interstitial cells within the scar tissue (Figure 4c ). Taken together, these findings may indicate that G-CSFR is expressed in the failing myocardium and suggest that its expression may be regulated by a positive feedback mechanism dependent upon stimulation by G-CSF itself (autoinduction).
The binding of G-CSF to its receptor evokes signal transduction through activation of Jak/Stat; Akt kinase, which has been identified as a downstream target of phosphatidylinositol-3 0 -kinase (PI3K); and mitogen-activated protein kinase (MAPK)/ERK. 6, 16, 24 Western blot analysis revealed that phospho-Stat3 and phospho-Akt, but not phospho-ERK, were upregulated in G-CSF-treated hearts, as compared to the untreated hearts (Figure 4a and d) .
Our finding that G-CSF treatment caused cardiomyocyte hypertrophy with reduced degenerative changes prompted us to examine myocardial expression of GATA-4, a key transcriptional factor regulating expression of sarcomeric proteins in the heart. 25, 26 Myocardial expression of GATA-4 was downregulated in the failing hearts 16 weeks post-MI, but that expression was restored by G-CSF treatment (Figure 5a and b) . Moreover, the levels of several sarcomeric proteins (MHC, desmin and troponin I) were consistently higher in G-CSFtreated than untreated hearts (Figure 5a and b) . We detected less fibrosis in the G-CSF-treated hearts than the control hearts, which is consistent with an earlier report that G-CSF induces MMP-2 (gelatinase A/type IV collagenase) and MMP-9 (gelatinase B). 27 Indeed, our Western blot analysis showed that both MMP-2 and -9 were significantly overexpressed in G-CSF-treated hearts, as compared with untreated control hearts (Figure 6a and b) . By contrast, levels of TIMP1 and TIMP2 were too slight to be affected by the G-CSF treatment (Figure 6a ). TNF-a, which is elevated in patients with heart failure, is not only a cytotoxic cytokine that directly depresses cardiac function, 28 but also upregulates AT1, thereby promoting angiotensin II-mediated organ fibrosis 29 in part through production of the potently fibrogenic cytokine TGF-b1. 30 We noted here that G-CSF treatment significantly reduced expression of TNF-a, AT1 and TGF-b1 in hearts with 16-week-old MIs (Figure 6a and b) , which, overall, would be expected to contribute to the reduction in fibrosis seen in G-CSF-treated hearts.
Immunohistochemistry revealed that MMP-2 was localized on fibroblasts, MMP-9 on fibroblasts and cardiomyoctes, AT1 not only on noncardiomyocytes such as endothelial cells, vascular smooth muscle cells, and fibroblasts but also on cardiomyocytes, and TGF-b on noncardiomyocytes (endothelial cells, vascular smooth muscle cells, and fibroblasts) (Figure 6c ). The intensity of immunostaining of MMP-2 and -9 was greater while that of AT1 and TGF-b was weaker in the G-CSF-treated hearts, confirming the findings of Western blotting. These suggest that G-CSF affects, through downstream effectors of G-CSF receptor, not only cardiomyocytes but also noncardiomyocytes such as cardiac fibroblasts in failing hearts.
Role for Myocardial Regeneration and Apoptosis
We also used GFP chimeric mice to check for possible acceleration of myocardial regeneration by G-CSF (Protocol-3 in the Materials and methods section). In these mice, more than 85% of the bone marrow cells were found to be GFP-positive at necropsy. Within the infarcted areas of both untreated and G-CSF-treated hearts, a small proportion of GFP-positive cells that were round or fibroblastlike (spindle shaped) were observed (Figure 7a) , and the incidence of GFP-positive cells did not appear to differ between G-CSF and untreated hearts (0.3870.16% in control vs 0.4470.18% in G-CSF, P ¼ NS). In addition, double immunofluorescence showed that there were no GFP-positive cardiomyocytes (Figure 7b) , endothelial cells or vascular smooth muscle cells in either group. We did occasionally identify cells that were positive for both GFP and CD45, however (Figure 7c ). Each section incubated with the isotype negative control showed no fluorescence. No cardiomyocytes immunohistochemically positive for Ki-67 were observed (data not shown).
G-CSF was previously reported to protect cardiomyocytes from apoptotic cell death when administered during the acute stage of MI. 13, 16 We rarely detected apoptotic (TUNEL-positive) cardiomyocytes or noncardiomyocytes (including vascular cells) 16 weeks post-MI (Figure 7d) , and the incidences of TUNEL-positive cells were unaffected by G-CSF treatment (Figure 7e) . Moreover, electron microscopic examination revealed no apoptotic ultrastructure in cardiomyocytes in any group, and we never observed Evans blue-positive cells (data not shown), which is indicative of an absence of dying cells. 21 
Discussion
In the present study, we examined the effect of G-CSF administration on established cases of chronic heart failure in a post-MI mouse model. We showed that G-CSF treatment post-MI induced hypertrophy G-CSF to heart failure Y Li et al among surviving cardiomyocytes and reduced myocardial fibrosis. Treatment with G-CSF induced activation of Stat3 and Akt followed by upregulation of GATA-4, sarcomeric proteins and gelatinases (MMP-2 and -9), and downregulation of myocardial TNF-a, AT1 and TGF-b, which likely provides a molecular basis for the beneficial effects of G-CSF on the failing post-MI heart. On the other hand, neither myocardial regeneration from bone marrow-derived cells nor an antiapoptotic effect among cardiomyocytes appeared to contribute to the beneficial effects of G-CSF.
We found the cardiomyocyte hypertrophy and attenuated degeneration induced by G-CSF particularly noteworthy, as they are likely the critical mechanisms contributing to the beneficial effects of this cytokine on cardiac function.
Hypertrophic growth of the myocardium is thought to preserve pump function, although prolongation of the hypertrophic state is a leading predictor of arrhythmias, sudden death and heart failure. 31, 32 However, not all forms of cardiac hypertrophy are necessarily pathological, as athletic conditioning can stimulate heart growth without deleterious consequence. 33 Activation of downstream signaling by growth hormone, insulin-like growth factor and PI3K/Akt reportedly mediates a 'physiological' type of cardiac hypertrophy. 34, 35 The observed G-CSF-induced hypertrophy cannot be simply explained as a compensatory response because the hypertrophic reaction was more pronounced in G-CSF-treated hearts, which showed less severe heart failure than was seen in the untreated hearts. We found that the level of G-CSFR expression was markedly higher in untreated failing hearts than in sham-operated hearts, but was still higher in the G-CSF-treated failing hearts. Unexpectedly, G-CSF also upregulated expression of G-CSFR in shamoperated hearts. Given that G-CSF is reportedly endogenously expressed in infarcted murine hearts, 16, 36 it is conceivable that the observed upregulation of G-CSFR expression reflects a ligand-dependent autoinduction of G-CSFR gene expression similar to that reported for hepatocyte growth factor (HGF) and c-Met/HGF receptor. 37 The G-CSFR signal activates a variety of intracellular signaling cascades, including the JAK/STAT, Ras/ Raf/MAPK, Src family kinase and PI3K/Akt pathways. 6, 24 In the present study, we detected increased activation of both Akt and Stat3-that is, increased levels of phospho-Akt and phospho-Stat3-in G-CSF-treated hearts. In that regard, transgenic mice with cardiac-specific overexpression of active Akt not only exhibit hypertrophy but also enhanced LV function, 34, 35, 38 as do transgenic mice with cardiacspecific overexpression of Stat3. 39 We therefore suggest that these downstream signals of G-CSFR are associated with the cardiomyocyte hypertrophy observed in the G-CSF-treated hearts. In addition, the otherwise suppressed expression of myocardial GATA-4 was restored by G-CSF treatment, and expression the sarcomeric proteins MHC, troponin I and desmin, the first two of which are transcriptionally regulated by GATA-4, 25, 26 were upregulated in G-CSF-treated hearts.
A second important finding of the present study was that cardiac fibrosis is significantly diminished in G-CSF-treated hearts. This may have significantly contributed to the G-CSF-induced improvement in cardiac function, as myocardial fibrosis is one of the most characteristic structural changes in infarcted hearts, contributing to both systolic and diastolic dysfunction. 40 G-CSF was previously shown to induce MMP-2 and -9, 27 and we confirmed their upregulation in G-CSF-treated hearts. In fact, members of the MMP family of extracellular matrix proteases are generally upregulated in failing hearts, and often their inhibition has a beneficial effect on cardiac remodeling and function. 41 This is because increases in MMPs likely exacerbate heart failure by catalyzing collagen degradation as well as cleavage of pro-TNF-a to yield mature TNF-a, 42 although no change in collagen content was seen in those studies. It is well known, however, that fibrosis, particularly interstitial fibrosis, often becomes excessive in failing hearts, accelerating cardiac remodeling and dysfunction, as was the case in the present model. Under those circumstances, an increase in MMP family proteins might exert a protective effect by catalyzing the degradation of the excessive collagen. Consistent with that idea, several studies have shown that inhibition of MMP causes cardiac failure; 43 that targeted deletion of MMP-9 attenuates LV remodeling and collagen accumulation caused by overexpression of MMP-2 and MMP-13; 44 and that an increase in MMP-1 induced by HGF has a beneficial effect on post-MI heart failure via its anti-fibrotic action. 45 It is therefore conceivable that upregulation of MMP-2 and -9 expression mediated by G-CSFR signaling might mitigate cardiac dysfunction by reducing the excessive fibrosis in hearts with old MIs.
Recently, Harada et al 16 elegantly elucidated a critical role of Jak/Stat pathway activation, downstream of G-CSFR, for beneficial effects of G-CSF on post-MI process in mice. We confirmed activation of myocardial Stat3 by G-CSF in the present study. However, very different experimental models were used in Harada's study and ours; they used G-CSF during the acute stage of MI and evaluated the effect at subacute to early chronic stage (2 weeks post-MI), while we started G-CSF treatment on established heart failure with healed MI (8 and 12 weeks post-MI) and evaluated it 4 more weeks later. More importantly, the phenotypes induced by G-CSF were very different. One of the main findings of the Harada et al's study was antiapoptosis in cardiomyocytes and vessels during the acute and subacute stages of MI, but cardiomyocyte hypertrophy and anti-fibrosis during the chronic stage were ours.
Orlic et al 8 were the first to report that treatment with hematopoietic cytokines increased the mobilization of bone marrow-derived stem cells to injured myocardium and promoted myocardial regeneration. They found that preinfarction treatment with stem cell factor and G-CSF resulted in myocardial regeneration characterized by dividing cardiomyocytes and formation of vascular structures during the chronic stage of MI, which significantly improved cardiac function and decreased mortality. It is now widely accepted that administration of G-CSF during the acute stage of MI, even if started postinfarction, can improve cardiac function in animals after acute MI. 8, [13] [14] [15] [16] Using GFP chimeric mice in the present study (Protocol-3 in the Materials and methods section), we found that the bone marrow-derived cells present in hearts with old MIs consisted only of a few fibroblast-like cells and leukocytes, but not cardiomyocytes or vascular cells, and their presence was not influenced by treatment with G-CSF. This negative finding might reflect the absence of active inflammatory foci and, thus, the absence of an abundance of the chemokines and chemokine receptors responsible for the trafficking and homing of inflammatory cells in chronic stage post-MI hearts. 46 Still, we cannot rule out its possibility that some bone marrow-derived cardiomyocytes were present because we did not examine the entire heart. Having said that, however, the possibility of transdifferentiation of hematopoietic stem cells into cardiomyocytes, with or without the help of G-CSF, has recently been challenged, [10] [11] [12] and our negative finding further suggests that the contribution made by myocardial regeneration to the beneficial effects of G-CSF in old MI is likely small, at best.
Akt reportedly plays a critical role in cell survival and angiogenesis. 47 However, we very rarely detected apoptotic cardiomyocytes in the present experimental setting, even in the untreated hearts. Apoptosis among noncardiomyocytes was also rare, and the population of vessels in the infarcted area was similar in treated and untreated hearts. The lack of Evans blue-positive cardiomyocytes-that is, cardiomyocytes with leaky plasma membranesfurther suggests that cardiomyocyte death is not a significant factor in the present model. In addition, no cardiomyocytes immunohistochemically positive for Ki-67 were observed, making cardiomyocyte proliferation unlikely. Despite a significant activation of Akt, we could not note a greater population of Flk-1-positive vessels in the G-CSF-treated hearts of the present model, and can offer no explanation for this negative finding.
G-CSF has already been confirmed to be safe and is widely used in patients with granulocytopenia, as well as in healthy individuals donating bone marrow for transplantation. The daily dose of G-CSF used in the present study (10 mg/kg/day) was well within the clinical dosage range used in humans. 48 Importantly, we found that the effect of G-CSF on cardiac function persisted long (at least 2 weeks) after administration ceased. (Protocol-2 in the Materials and methods section). Although one recent report suggests the possibly of a higher incidence of coronary restenosis among patients treated with G-CSF, 49 this adverse effect may be avoided by reducing the dosage. 50 It will be necessary to confirm the safety of its long-term administration and to construct appropriate administration protocols for clinical application carefully, but our findings suggest G-CSF administration may represent a new therapeutic strategy for treating patients with chronic heart failure.
